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HMGB1-LPS complex promotes transformation of 
osteoarthritis synovial fibroblasts to a rheumatoid 
arthritis synovial fibroblast-like phenotype 

Y Qin 1 ' 6 , Y Chen 1 ' 6 , W Wang 2 , Z Wang 3 , G Tang 1 , P Zhang 1 , Z He 1 , Y Liu 4 , S-M Dai*' 5 and Q Shen*' 1 

It is generally believed that some inflammatory antigens can recognize Toll-like receptors on synovial fibroblasts (SFs) and then 
activate downstream signals, leading to the formation of RASFs and inducing rheumatoid arthritis (RA). The objective of the 
current work was to study on the hypothesis that outer PAMP (LPS) binds to the inner DAMP (HMGB1) and becomes a complex 
that recognizes TLRs/RAGE on SFs, thus initiating a signaling cascade that leads to the secretion of inflammatory cytokines and 
chemokines, production of tissue-destructive enzymes, and formation of RASFs, finally resulting in RA. Osteoarthritis synovial 
fibroblasts (OASFs) were co-cultured with HMGB1-LPS complex in vitro for five generations to induce the transformation of 
human SFs to RA-like SFs (tOASFs). Then, changes of tOASFs in cell cycle and apoptosis-autophagy balance were investigated 
in vitro, and the pathogenicity of tOASFs was evaluated in a SCID mouse model in vivo. In vitro cell cycle analysis showed more 
tOASFs passing through the G1/S checkpoint and moving to S or G2 phase. Flow cytometry and confocal microscopy showed 
that apoptosis was reduced and autophagy was enhanced significantly in tOASFs as compared with those in OASFs. 
The expression of certain receptors and adhesion molecules in tOASFs was upregulated. In vivo experiments showed that 
tOASFs attached to, invaded, and degraded the co-implanted cartilage. In addition, histochemistry showed excessive 
proliferation of tOASFs and the expression of matrix metalloproteinases (MMPs). Based on the above findings, we conclude that 
HMGB1-LPS complex could promote the formation of RASFs. 
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Rheumatoid arthritis (RA) is a common autoimmune disease 
causing progressive disability, systemic complications, early 
death, and socioeconomic hardship. The etiology and specific 
pathogenesis of RA remain unclear. It is generally believed 
that some inflammatory antigens and their metabolites 
recognize Toll-like receptors on synovial fibroblasts (SFs) 
and activate downstream signals, which induces the secretion 
of inflammatory cytokines and chemokines, production of 
tissue-destructive enzymes, and formation of RASFs, finally 
leading to RA. 1 " 3 The transformation of normal SFs to RASFs 
is crucial in the pathogenesis of RA, because RASFs are 
recognized as both the propagator of immune response and 
the engine of joint damage in RA. SFs from RA patients exhibit 
characteristics of transformed cells, including anchorage- 
independent growth, insensitivity to apoptosis, and increased 
proliferation. 1 ' 3 

However, the mechanism underlying the change from 
normal SFs to the aggressive behavior remains unclear. 



Infections may contribute to the onset of RA, for example, 
patients with periodontal disease have been shown to have a 
higher prevalence of RA than patients without periodontitis, 
and several virulence factors, including the bacterial lipopo- 
lysaccharides (LPS), toxins, and hemagglutinins of the main 
pathogen — P. gingivalis, may have a role in the pathogenesis 
of RA. 4,5 Group A streptococcal cell wall peptidoglycan- 
polysaccharide complexes can induce acute inflammation 
of the peripheral joints resulting in chronic erosive arthritis in 
susceptible rats, 6,7 which indicates that microorganism 
components can induce the onset of RA. Our previous 
studies 8,9 showed that the high mobility group box 1 
(HMGBI)-LPS complex directly induced experimental arthri- 
tis in DBA/1 mice. In addition, pathological study 8 showed 
synovial thickening and excessive proliferation of SFs, 
suggesting that the HMGB1 -pathogen-associated molecular 
pattern (PAMP) complex might induce the formation of 
RASFs. In the current study, osteoarthritis synovial fibroblasts 
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(OASFs) were isolated from the tissue obtained during 
reconstructive surgery and co-cultured with HMGB1-LPS 
complex in w'frofor 5-7 generations to induce the transforma- 
tion of normal SFs to RA-like SFs (tOASFs). Then, patho- 
genicity of tOASFs was evaluated both in vitro and in vivo. 
The result showed that tOASFs attached to, invaded, and 
degraded the co-implanted cartilage in a SCID mouse model. 
Histochemistry further showed excessive proliferation of 
tOASFs and the expression of MMPs. In vitro cell cycle 
analysis showed more tOASFs passing through the G1/S 
checkpoint and moving to S or G2 phase. Flow cytometry and 
confocal microscopy showed that apoptosis was reduced and 
autophagy was enhanced significantly in tOASFs as com- 
pared with those in OASFs. We further showed that the 
expression of certain receptors was upregulated in tOASFs, 
including TLR2, TLR4, and receptor for advanced glycation 
end products (RAGE), and the adhesion molecules 
ICAM-1 and VCAM-1. In conclusion, we have proved that 
HMGB1-LPS complex could promote the formation of RA-like 
transformed SFs. 

Results 

Cell cycle, apoptosis, and autophagy balance disorders 
in tOASFs. Many studies have demonstrated that excessive 
proliferation and invasive growth of RASFs are attributed to 
impaired regulation of the cell cycle and imbalance between 
survival (autophagy) and death (apoptosis). 10,11 To evaluate 
the change of cell cycle in tOASFs, cells first underwent 
serum starvation to synchronize cell cycle at GO/1 phage 
(Supplementary Figure S1 ) and then were further cultured for 
24 h with DMEM containing 10% FBS. Cells were collected, 
fixed, stained with propidium iodide (PI), and then analyzed 
by flow cytometry. As shown in Figure 1a, more tOASF cells 
passed through the G1/S checkpoint and moved into S or 
G2 phase as compared with OASFs, suggesting that 
accelerated proliferation occurred in tOASFs. 

A characteristic feature of RASFs is their decreased 
susceptibility to apoptosis and the increased ability to survive 
upon certain stimulations. 12-14 To further characterize the 
survival-apoptosis imbalance in tOASFs, cells were exposed 
to an apoptosis-inducing agent for 8 h, followed by staining 
with Annexin V-FITC/PI and analysis of cell apoptosis 
using flow cytometry. As shown in Figure 1b, fewer tOASFs 
underwent apoptosis as compared with OASFs, indicating 
that the survival-apoptosis balance was impaired in tOASFs 
and that more tOASFs could survive a challenge by harmful 
stimuli. Immunoblotting also showed that pro-survival protein 
(BCL-2) was upregulated, whereas pro-apoptosis protein 
(Bax) was downregulated in tOASFs (Figure 1c). 

Much research has indicated that HMGB1 is a critical 
regulator of autophagy, as HMGB1 translocation induces 
autophagy after prolonged cellular stress. 15,16 Also, RASFs 
were proved to go through autophagy to avoid cell death upon 
certain stimulations, such as starvation and rapamycin 
treatment. 17,18 To investigate the ability of tOASFs to induce 
autophagy under certain stimuli, OASFs, tOASFs, and 
RASFs were put in PBS for 4h, and then detected for LC3II 
expression with a confocal microscope. As shown in 
Figure 1d, upon 4h of culture in the absence of serum and 



nutrients (starvation), more autophagy-punctuated fluores- 
cent spots were observed in tOASFs and RASFs as 
compared with those in OASFs. Immunoblotting also showed 
that the amount of LC3II in tOASFs was significantly higher 
than that in OASFs (Figure 1c), indicating that autophagy was 
induced in tOASFs upon certain harmful stimulations as a 
means of survival. 

HMGB1-LPS complex-associated receptors are upregu- 
lated in tOASFs. HMGB1 was reported to bind to and 
signal through RAGE, 19 as well as TLR2 and TLR4, 20 and 
upregulated Toll-like receptors were observed on the surface 
of RASFs. RAGE is a multiligand receptor that binds 
structurally to diverse molecules, not only including HMGB1 
but also S100 family members and amyloid-/?. RAGE 
activation has been implicated in sterile inflammation, 
cancer, diabetes, and Alzheimer's disease. To evaluate the 
expression of HMGB1-LPS complex-associated receptors in 
tOASFs, cells were stained with fluorescent-labeled 
antibodies and analyzed by flow cytometry. As shown in 
Figure 2, the expression levels of RAGE, TLR2, and TLR4 
were significantly upregulated in tOASFs as compared with 
OASFs. 

Chemokines and adhesion molecules are upregulated in 
tOASFs. Chemokines are of special interest in RASFs 
activation and function. In particular, chemokines expressed 
and secreted by SFs such as CCL2 and CXCL12 have a key 
role in driving chronic inflammation by attracting monocytes 
and lymphocytes into the joint and by stimulating SFs to 
produce proinflammatory cytokines in RA. 21-24 To evaluate 
the expression of chemokines in tOASFs, cells were fixed 
and stained with fluorescent-labeled antibodies and analyzed 
by flow cytometry. As shown in Figure 3a, the expression of 
CCL2 and CXCL12 in tOASFs was upregulated as compared 
with OASFs, indicating that tOASFs express chemokines to 
recruit immune cells such as lymphocytes or macrophages to 
the joint. 

About two decades ago, researchers found that adhesion 
molecules are constitutively expressed on SFs and 
are significantly upregulated in RASFs. 25,26 Upregulation of 
adhesion molecules on the surface of RASFs has a key role in 
recruitment and infiltration of lymphocytes at the sites of 
inflammation, and the activation of OASFs often requires 
direct cell-cell interactions mediated by adhesion molecules, 
such as ICAM-1 or VCAM-1 27,28 To evaluate the expression 
of the adhesion molecules ICAM-1 and VCAM-1 in tOASFs, 
cells were stained with fluorescent-labeled antibodies and 
analyzed by flow cytometry. As shown in Figure 3b, the 
expression levels of these adhesion molecules were sig- 
nificantly upregulated in tOASFs as compared with OASFs, 
indicating that the HMGB1-LPS complex mediated the 
upregulation of adhesion molecules in tOASFs. 

Changes in activation levels of inflammatory-associated 
transcription factors in tOASFs. Transcription factors 
have critical roles in the function of RASFs, including 
cytokine/chemokine expression, MMPs expression, and 
the control of synovial cell apoptosis/autophagy 29 It has 
been well established that the altered morphology and the 
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Figure 1 Transformed OASFs showed a RASF-like response in cell cycle, apoptosis and autophagy. (a) Cells were cultured with DMEM containing 1% 
heat-activated FBS for 24 h, then media were replaced with DMEM containing 1 0% heat-activated FBS and cultured for another 4 h, followed by collection and staining 
with PI for cell cycle analysis, (b) Cells were exposed to apoptosis-inducer agents for 8h, and then the cells were collected for apoptosis analysis using a BD 
FACSCalibur cytometer. (c) Cells were grown on polylysine-treated coverslips in a six-well plate and cultured with DMEM containing 10% heat-activated FBS 
for 24 h. Then media were replaced with PBS for 8 h to induce autophagy. The coverslips were then stained and observed for LC3II under a confocal microscope 
(LEICA TCS SP2). Nuclei were visualized with DAPI. (d) Cells of panels (b) and (c) were lysed, and key proteins were studied with immunoblotting. Data are representative of 
three independent experiments 



aggressive behavior of RASFs mirror specific alterations in 
the activation levels of several transcription factors and 
intracellular signaling proteins, such as NF-kB and p38 
mitogen-activated protein kinase (MAPK). 27,30,31 Using a 



commercial pathway scan kit (Figure 4) and western 
blotting (Supplementary Figure S2), the activation levels of 
inflammatory-associated key intracellular signaling proteins 
in tOASFs were evaluated. The results showed that the 
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Figure 2 The expressions of RAGE, TLR 2, and TLR4 were upregulated in tOASFs. Cells were collected and stained with PE-antiTLR2, APC-antiTLR4, or PE-antiRAGE, 
and then the expressions of RAGE, TLR2, and TLR4 on the cell surface were studied using a BD FACSCalibur cytometer. (a) Representative histograms and (b) the 
percentage of positive cells are shown. Data are expressed as mean ± S.D. (n= 3). *P< 0.05 compared with OASFs (one-way analysis of variance and Newman-Keuls 
multiple comparison test) 



activation levels of NF-kB, SAPK/JNK, and p38 MAPK were 
significantly increased in tOASFs as compared with OASFs. 
However, the activation level of STAT3 was significantly 
decreased in tOASFs as compared with OASFs or RASFs. 

Inflammatory cytokines and MMPs are upregulated in 
tOASFs. RASFs are shown to express a high level of 
inflammatory cytokines, chemokines, and MMPs, which, in 
turn, results in stabilizing the activated phenotype of RASFs. 
Inflammatory factors, such as TNF-a, IL-1/J, and IL-6, can 
strongly enhance the proinflammatory and matrix-destructive 
properties of RASFs. 2,32 To evaluate the activation level of 
tOASFs, cells were collected, and the expression of 
proinflammatory cytokines and MMPs was measured with 
real-time RT-PCR. Meanwhile, the culture supernatants were 
collected, and the secretion of proinflammatory cytokines 
and MMPs was measured with ELISA. The results in 
Figure 5 show that tOASFs exhibited a RASFs-like pheno- 
type that expressed and secreted a high level of proin- 
flammatory cytokines (TIMF-a, IL-1 /?, and IL-6) and MMPs 
(MMP-3 and MMP-13). 

In Wfro-transformed OASFs induce the degradation of 
cartilage in a SCID mouse model. RASFs are producers of 
matrix-degrading enzymes that mediate articular cartilage 
destruction. These cells have been shown to attach to, 
invade, and degrade cartilage and bone in vitro. To evaluate 



the pathogenicity of tOASFs relative to their ability to attach 
to and destroy cartilage, a cartilage-sponge complex 
that contained tOASFs was implanted subcutaneously in 
SCID mice. Cartilage-sponge complexes containing OASFs 
or RASFs were also implanted subcutaneously in SCID mice 
as controls. The implants were removed after 60 days and 
then cut, sectioned, and stained for histological evaluation 
(Figures 6a and b). The pathological index of the co-implants 
with tOASFs was significantly higher than that of the co- 
implants with OASFs (P<0.01). Similar to RASFs, tOASFs 
showed excessive proliferation with attachment to and 
degradation of co-implanted cartilage (Figures 6b and c). 
Alcian blue special and Masson's trichrome staining 
showed that chondrocytes and perichondrocytic cartilage 
degraded in the co-implanted cartilage of both RASFs and 
tOASFs. Immunohistochemistry detecting human-specific 
pro-matrix metalloproteinase-13 (proMMP-13) showed that 
both tOASFs and RASFs expressed excessive proMMP-13, 
causing degradation of the co-implanted cartilage 
(Figure 6c). 

Discussion 

HMGB1 that was first discovered as a nuclear protein with 
rapid electrophoretic migration is a highly conserved 30-kDa 
nonhistone DNA-binding molecule. 33,34 It acts on various cells 
and interacts with many different types of ligands, including 



Cell Death and Disease 



HMGB1-LPS complex promotes SF transformation 

Y Qin etal 



ISOTYPE 



OASF 



tOASF 



RASF 





0.4 


1 





M 334 









CCL2 





0.4 


i 





II 21.4 II I 42.1 P 2 28.8 

LB LB LB 



CXCL12 





0.4 










ICAM-1 



O 





0.5 


A 





„ I ■ I UIHHHl,., 



VCAM-1 



[j CCL2 CXCL12 ICAM-1 VCAM-1 

to iiLh ill .ii 

OASF tOASF RASF OASF tOASF RASF OASF tOASF RASF OASF tOASF RASF 

Figure 3 Chemokines and adhesion molecules were upregulated in tOASFs. The expression levels of chemokines (CCL2 and CXCL1 2) and adhesion molecules (ICAM-1 
and VCAM-1) were assessed by flow cytometry, (a) Representative histograms and (b) the percentage of the positive cells were shown. Data are expressed as mean ± S.D. 
(n= 3). *P<0.05 compared with OASFs (one-way analysis of variance and Newman-Keuls multiple comparison test) 



RAGE and TLR4, to modulate pleiotropic functions of 
these entities in various physiological and pathological 
situations. 35,36 In particular, an interaction between HMGB1 
and TLR2 or TLR4 postulates that it may mediate the 
proinflammatory actions of HMGB1 . 20 ' 37 " 39 Knowing that 
HMGB1 has pleiotropic functions, many researchers have 
suggested that it may have a crucial role in various 
pathophysiological processes, including RA, 40,41 liver injury 42 
and tumors 43 RA is characterized by persistent synovitis, 
systemic inflammation, and autoantibodies, particularly to 
rheumatoid factor and citrullinated peptide. In industrialized 
countries, RA affects 0 ■ 5-1 • 0% of adults, with 5-50 per 
100000 new cases annually. The disorder is most typical in 
women and elderly people. Uncontrolled active RA causes 
joint damage, disability, decreased quality of life, and 
cardiovascular and other co-morbidities. 1 

Autoimmune disease can develop as a result of a break- 
down in immunological tolerance, leading to the activation 
of self-reactive immune response. An established link 
exists between infection and human autoimmune diseases. 
In addition, experimental autoimmune diseases can be 



induced by autoantigens that are administered together 
with complete Freund's adjuvant, which contains killed 
Mycobacterium tuberculosis. In some cases, these bacteria 
can be replaced by individual PAMPs. 44 Although the exact 
cause for RA remains elusive, infectious agents, such 
as viruses, bacteria, and fungi, have long been suspected. 
Our previous studies 8 showed that HMGB1-LPS complex 
directly induced experimental synovitis in DBA/1 mice and 
that HMGB1 is a well-verified adjuvant-like damage-asso- 
ciated molecular pattern (DAMP) protein. 45 " 47 Taking these 
observations into consideration, we hypothesized a signaling 
cascade in which outer PAMP (LPS) bound to the inner DAMP 
(HMGB1) becomes a complex that recognizes the TLRs/ 
RAGE on SFs, leading to the activation of downstream 
signals, which, in turn, causes the secretion of inflammatory 
cytokines and chemokines, the production of tissue-destruc- 
tive enzymes, and the formation of RASFs, finally inducing RA 
(Figure 7). In the present study, we have demonstrated 
that HMGB1-LPS complex mediated the transformation of 
OASFs to RASFs-like phenotypes, including alterations in 
morphology and behavior, molecular changes in signal 
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Figure 4 Activation levels of inflammation-associated transcription factors. 
The fifth-passage cells were harvested and lysed with lysis buffer, and then the 
phosphorylation levels of key transcription factors (NF-kB, JNK, MAPK p38, Stat3, 
and k-B) were detected with a CST's PathScan Inflammation Multi-Target 
Sandwich ELISA Kit. **P<0.01, compared with OASFs (one-way analysis 
of variance and Newman-Keuls multiple comparison test). Data are representative 
of three independent experiments. NS, not significant 



transduction, apoptosis/autophagy responses, and the 
expression of adhesion molecules, as well as matrix- 
degrading enzymes. 

RASFs are one of the key players in the destructive process 
of RA. RASFs contribute primarily to the progression of the 
disease by attaching to, invading, and degrading cartilage and 
bone. 10,48 As there was a limited source to get normal SFs, we 
used relatively normal OASFs to perform our experiments. 
We first isolated OASFs from the tissue obtained during 
reconstructive surgery and co-cultured it with HMGB1-LPS 
complex in vitro for five generations, expecting that the 
HMGB1-LPS complex would mediate the transformation of 
OASFs. RASFs are tumor-like cells with an enhanced 
proliferation. 32 We then investigated the cell cycle, apoptosis, 
and autophagy of tOASFs in vitro. The results of our 
experiment confirmed that HMGB1-LPS complex acceler- 
ated cell proliferation and prompted OASFs to undergo 
autophagy and thus survive starvation. The activation of 
TLRs and RAGE was found to be involved in the pathogenesis 
of RA, resulting in the production of inflammatory cytokines, 
chemokines, and tissue-destructive enzymes. 36,49 HMGB1 
interacts with several seemingly unrelated receptors that had 
been previously identified for their capacity to transduce 
activation signals from exogenous (TLR2, TLR4, and TLR9) 
and endogenous (RAGE) ligands. 19,50 Our previous work 8 
found that HMGB1-LPS complex upregulated TLRs and 
RAGE in macrophages. Similarly, our present work revealed 
that HMGB1-LPS complex mediated the upregulation of 
receptors in tOASFs, whereas the TLR4 expression in RASFs 
was the lowest, which is not consistent with the finding in the 
literature. We think that the low expression of TLR4 in RASFs 
is due to receptor shedding. Receptor shedding is a process 
by which cells cleave off the extracellular domain of a cytokine 
receptor and release it into the circulation as a soluble 
product. TLR4 shedding was observed after exposure of cells 



to certain cytokines or after long-term culture in vitro. 51 We 
next investigated the intracellular TLRs expression in RASFs, 
and the result confirmed our speculation (Supplementary 
Figure S3). 

Adhesion molecules such as ICAM-1 and chemokines such 
as CCL2 are crucial for the pathogenicity of SFs. 12,28 
Excessive expression of adhesion molecules by RASFs 
facilitates the attachment of RASFs to the adjacent cartilage 
and bone, leading to joint destruction, and excessive 
expression of chemokines by RASFs facilitates the influx of 
inflammatory cells. Therefore, we next investigated the 
expression of adhesion molecules and chemokines in tOASFs 
by flow cytometry. As expected, the expression of adhesion 
molecules ICAM-1 and VCAM-1 and chemokines CCL2 and 
CXCL12 was significantly upregulated in tOASFs. 

Many inflammatory intercellular signal pathways, such as 
NF-kB, MAPK pathways, and Jak-Stat3 pathway, are 
involved in the activation of RASFs. The ubiquitously 
expressed transcription factor NF-;cB is highly activated in 
RASFs. NF-kB containing DNA-binding heterodimers is 
normally retained in the cytoplasm by its natural counterpart 
IjcB. The activation of NF-kB results in the nuclear transloca- 
tion of NF-;cB, enabling it to bind to the promoters of target 
genes, such as proinflammatory genes such as IL-6 and IL-8, 
adhesion molecules, and MMPs. In addition, it has been 
suggested that NF-kB negatively regulates the tumor-sup- 
pressor PTEN, thus promoting cell survival. 10 The activation 
of MAPKs, especially MAPK p38, is thought to regulate 
processes involved in apoptosis and proliferation, and p38 
can also induce the production of MMPs, IL-6, and IL-8 27 The 
Jak-Stat signal transduction pathway is used by many 
cytokines and growth factors that regulate gene expression 
and cellular activation, proliferation, and differentiation. The 
Stat3 transcription factor is an important signaling molecule 
for many cytokines and growth factor receptors in RASFs. 
Stat3 has been shown to be active in synovial lining cells in 
adjuvant arthritis and RA and in freshly isolated RASFs. Stat3 
has been strongly implicated in promoting cell survival 
and growth in many cell types, and it contributes to cellular 
transformation. 52 The underlying mechanisms described so 
far include conferring resistance to apoptosis and the 
transcriptional activation of genes important in cell cycle 
progression, such as cyclins. We evaluated the phosphoryla- 
tion levels of key transcription factors in tOASFs using a 
commercial pathway scan kit. The results proved that the 
phosphorylation level of NF-kB p65, MAPK p38, and JNK was 
increased in tOASFs. Ample evidence supports the role of 
Stat3 in cellular transformation and oncogenesis, and 
the phosphorylation level of Stat3 in RASFs was higher as 
compared with OASFs. 52 Our results showed that the 
phosphorylation level of Stat3 was not increased in tOASFs 
as expected, possibly because the Jak-Stat signal was 
activated by growth factors, such as epidermal growth factor 
and platelet-derived growth factor (PDGF). Further study 
should be taken to investigate why Stat3 is downregulated in 
tOASFs. 

Once activated, RASFs produce a variety of cytokines, 
chemokines, and matrix-degrading enzymes that mediate 
interaction with neighboring inflammatory and endothelial 
cells and are responsible for the progressive destruction of 
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Figure 5 Expression and secretion of proinflammatory cytokines, MMPs, and chemokines were upregulated in tOASFs. The fifth-passage cells were cultured in triplicate in 
24-well plates for 4 h (mRNA analysis) or 24 h (ELISA analysis), (a) Then cells were collected for detection of expression of proinflammatory cytokines (TNF-a, IL-1 fi, and IL-6), 
MMPs (MMP-3 and MMP-13), and a chemokine (CCL2) with real-time RT-PCR; (b) the supernatants were collected for detection of secretion of proinflammatory cytokines 
(TNF-a, IL-1/J, and IL-6) and MMPs (MMP-3 and MMP-13) with ELISA. Data are representative of three independent experiments. *P<0.05, **P<0.01, compared with 
tOASFs (one-way analysis of variance and Newman-Keuls multiple comparison test) 



articular cartilage and bone. Finally, we detected the expres- 
sion and secretion of pathogenic factors in tOASFs by real- 
time RT-PCR and ELISA. The results are consistent with our 
expectations in that the expression and secretion of proin- 
flammatory cytokines (TNF-a, IL-1/J, and IL-6) and matrix 
metalloproteinases (MMPs; MMP-3, and MMP-13) were 
significantly enhanced in tOASFs. 

Then, we used an 'Inverse wrap' mouse model to study the 
pathogenicity of in w'fra-transformed OASFs (tOASFs), and 
the results proved that tOASFs showed excessive prolifera- 
tion, followed by attachment to and degradation of co-implant 
cartilage. 53 The in vivo model showed that in wYro-trans- 
formed OASFs had a RASF-like phenotype. 

In summary, the HMGB1-LPS complex promotes the 
transformation of normal SFs towards a RASF-like pheno- 
type. Our previous work 8 found that HMGB1-LPS complex 
induced experimental arthritis in DBA/1 mice with significant 



synovitis, suggesting that HMGB1-LPS complex might 
mediate the formation of RASFs, causing the pathogenesis 
and leading to RA. In the current study, we proved that the 
transformation of OASFs was mediated by HMGB1-LPS 
complex both in vivo and in vitro. We therefore suggest that 
the outer PAMP (LPS) binds to the inner DAMP (HMGB1) 
to become a complex that recognizes TLRs/RAGE on SFs, 
leading to the activation of downstream signaling and 
causing the secretion of inflammatory cytokines and chemo- 
kines, the production of tissue-destructive enzymes, and the 
formation of RASFs, finally inducing the onset of RA. 
RASFs are transformed and pseudo-tumoral phenotype cells 
with many different characteristics as compared with 
normal SFs. We have only shown limited aspects of 
transformed tOASFs, and more work is needed to 
further evaluate the role of HMGB1-LPS complex in the 
pathogenesis of RA. 
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Figure 6 Transformed OASFs invading the cartilage in an inverse wrap SCID mouse model, (a) Schematic showing the inverse wrap SCID mouse model of RA. Following 
embedding of the normal cartilage into the inert sponge and soaking the sponge in different synovial fibroblasts, the implants were then inserted under the skin of a SCID 
mouse. After 60 days, the implants were removed and stained for histological evaluation of cartilage degradation, (b) Invasion scores show that tOASFs induce co-implantation 
cartilage degradation in a manner similar to RASFs. **P< 0.01 , error bars represent S.D. (c) Histology (H&E, Alcian blue, and Masson's trichrome staining) showing tOASFs 
invasion and chondrocytic degradation. Immunohistochemistry used human-specific antibodies to detect proMMP-13 in the co-implantation cartilage. Data are representative 
of two independent experiments, with two mice/group 



Materials and Methods 

Tissues and cells. On approval of the Ethics Committee of the Second Military 
Medical University (Shanghai, China), RA (n=3) and osteoarthritis (n = 8) synovial 
tissues were obtained during arthroplastic surgery, with informed consent obtained 
from the subjects involved and in accordance with the criteria of the American 
College of Rheumatology. 54 OASFs (n=8) and RASFs (n=3) were isolated and 
cultured with DMEM (HyClone, Beijing, China) with 10% heat-inactivated FBS 
(HyClone) from various subjects (maximum seven passages). OASFs were cultured 
with 1 jug/ml HMGB1 plus 10ng/ml LPS for five passages (media were replaced 
every 3 days with fresh HMGB1-LPS complex) to get the RASF-like transformed 
OASFs (tOASFs). Healthy human cartilages (n = 5) were obtained from non-arthritic 
knee joints during arthroplastic surgery and were used in in vivo experiments. 

Mice. Male SCID BALB/c mice aged 4-6 weeks (Model Animal Research Center 
of Nanjing University, Nanjing, China) were bred and housed in the animal facility 
at the Second Military Medical University under standard conditions of temperature 
and light and fed with laboratory chow and water ad libitum. The study was 
approved by the Ethics Committee of the Second Military Medical University. 

Severe combined immunodeficient mouse model and 
histochemistry. The severe combined immunodeficient mouse model was 
prepared as described previously. 48,53 Sponge-cartilage complex with RASFs, 
OASFs, or tOASFs was implanted with the inverse wrap technique under the skin of 



the SCID mice (Figure 6a). After 60 days, the mice were killed, and implants were 
removed for histological evaluation of cartilage degradation. The implants were fixed 
in 4% formaldehyde, decalcified, embedded in paraffin, sectioned, and then stained 
using hematoxylin and eosin (HE) stain, Alcian blue special stain, and Masson's 
trichrome stain. The stained sections of the implants were evaluated to determine 
fibroblast invasion and perichondrocytic cartilage degradation. The invasion scores 
were classified as: 0, no or minimal invasion; 1, visible invasion with '\-4 cell depth; 
2, invasion with 5-9 cell depth; and 3, deep invasion with >10 cell depth. 
Perichondrocytic cartilage degradation scores (Masson's trichrome staining) were 
classified as: 0, no degradation (sharp, intact halo of the chondrons compared with 
the cartilage stored before implantation); 1 , visible degradation (one diameter of the 
chondron); 2, degradation (between one and two diameters of a chondron); and 3, 
intensive degradation (more than two diameters of a chondron). All single implants 
from all mice were scored by three trained researchers independently. Paraffin 
sections with antibodies against human proMMP-13 (R&D Systems, Minneapolis, 
MN, USA) were assayed by immunohistochemistry. 

Flow cytometry. OASFs, tOASFs, and RASFs were cultured with DMEM 
containing 1% heat-inactivated FBS for 24 h, and then the media were replaced 
with DMEM containing 10% heat-inactivated FBS and cultured for additional 24 h. 
Cells were collected, fixed, and stained with PI (Keygentec, Nanjing, China), and 
cell cycle was analyzed using a FACSCalibur with ModFit software (Becton 
Dickinson, Sparks, MD, USA). 
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Figure 7 Schematic model of the inner DAMP (HMGB1) bound to the outer 
PAMP (LPS), promoting the transformation of SFs to RASFs 



OASFs, tOASFs, and RASFs were pretreated with apoptosis-inducers 
A (Apopisa) and B (Apobid) (1:1000, Beyotime, Nantong, China) for 8h, 
harvested, stained with Annexin V-FITC/PI (Bender MedSystems, Vienna, Austria), 
and analyzed by flow cytometry. 

OASFs, tOASFs, and RASFs were stained with PE-antiTLR2 (eBioScience, 
San Diego, CA, USA), APC-antiTLR4 (eBioScience), and anti-RAGE (Millipore, 
Billerica, MA, USA). The expression of HMGB1 -associated receptors was 
analyzed by flow cytometry. 

OASFs, tOASFs, and RASFs were stained with PerCP-antiCXCL12 (R&D), 
APC-antiCCL2, PE-antiVCAM-1, and APC-antilCAM-1 (eBioscience). The expres- 
sion of RA-associated chemokines and intercellular adhesion molecules was 
analyzed by flow cytometry. 

Confocal microscopy. Cells were grown on polylysine-treated coverslips 
in a six-well plate and cultured with DMEM containing 10% heat-inactivated FBS 
for 24 h to 70% confluence. The media were then replaced with PBS for 8 h to 
induce autophagy. The coverslips were fixed with 4% formaldehyde for 15 min 
and permeabilized with ice-cold 100% methanol for 10 min. The slides were then 
blocked with 5% goat serum for 30 min and incubated overnight with the rabbit 
anti-human LC3II primary antibody (Cell Signaling, Danvers, MA, USA). 
Following washes with PBS, PE-labeled goat anti-rabbit IgG secondary 
antibody (Cell Signaling) was added to the slides for 1 h. The slides were 
then counterstained with DAPI (Sigma-Aldrich, St. Louis, MO, USA) before 
observation for LC3II under a confocal microscope (LEICA TCS SP2, Am 
Friedensplatz, Germany). 

Immunoblot analysis. Cells were lysed in a lysis buffer containing 1.0% 
(vol/vol) Nonidet-P40, 150mM NaCI, 20 mM Tris-HCI, pH 7.5, 1 mM EDTA, and a 
protease inhibitor 'cocktail' (Roche, Branchburg, NJ, USA) for 5 min. Cell lysates 
were separated by SDS-PAGE and transferred to polyvinylidene difluoride 
membranes. The membranes were blotted with the appropriate antibodies (Cell 
Signaling) and visualized with an ECL Western Blotting System (Pierce Protein 
Research Products, Rockford, IL, USA). 

Real-time RT-PCR. Total RNA was isolated from cells using TRIzol reagent 
(Invitrogen, Shanghai, China), and cDNAs were prepared and analyzed for the 
expression of the gene of interest by real-time PCR using a PrimeScript RT Master 
Mix kit (TaKaRa, Dalian, China). The primers for IL-1 /?, IL-6, TNF-a, ICAM, VCAM, 
CXCL12, MMP-3, and /J-actin were purchased from Invitrogen. Transcript levels 
were calculated relative to controls and are expressed as - AACt. The gene- 
specific primers used are listed in Supplementary Table S1 . 



Enzyme-linked immunosorbent assay. Human TNF-a, IL-1 p, IL-6, 
MMP-3, and MMP-13 were measured by enzyme-linked immunosorbent assay 
with the kits from eBioscience (TNF-a, IL-1/?, and IL-6) or R&D Systems (MMP-3 
and MMP-13). The phosphorylation levels of inflammatory-associated key 
intracellular signaling proteins in the three cell groups were assessed using a 
PathScan Inflammation Multi-Target Sandwich ELISA Kit (Cell Signaling). 
Cells were washed with ice-cold PBS, followed by addition of the 1X Cell Lysis 
Buffer (Cell Signaling). Then, proteins were extracted and analyzed according to 
the manufacturer's instructions. 

Statistics. Each experiment was repeated at least three times, and one 
representative result was shown. One-way ANOVA and Newman-Keuls multiple 
comparison test were used for the analysis with GraphPad Prism version 
4.0 (GraphPad Software, La Jolla, CA, USA). 
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